Background and Purpose-This study aimed to investigate whether pulse pressure (PP) obtained during the acute stage of ischemic stroke can be used as a predictor for future major vascular events. Methods-Using a multicenter prospective stroke registry database, patients who were hospitalized for ischemic stroke within 48 hours of onset were enrolled in this study. We analyzed blood pressure (BP) data measured during the first 3 days from onset. Primary and secondary outcomes were time to a composite of stroke recurrence, myocardial infarction, all-cause death, and time to stroke recurrence, respectively. Results-Of 9840 patients, 4.3% experienced stroke recurrence, 0.2% myocardial infarction, and 7.3% death during a 1-year follow-up period. In Cox proportional hazards models including both linear and quadratic terms of PP, PP had a nonlinear J-shaped relationship with primary (for a quadratic term of PP, P=0.004) and secondary (P<0.001) outcomes. The overall effects of PP and other BP parameters on primary and secondary outcomes were also significant (P<0.05). When predictive power of BP parameters was compared using a statistic of −2 log-likelihood differences, PP was a stronger predictor than systolic BP (8.49 versus 5.91; 6.32 versus 4.56), diastolic BP (11.42 versus 11.05; 10.07 versus 4.56), and mean atrial pressure (8.75 versus 5.91; 7.03 versus 4.56) for the primary and secondary outcomes, respectively. Conclusions-Our study shows that PP when measured in the acute period of ischemic stroke has nonlinear J-shaped relationships with major vascular events and stroke recurrence, and may have a stronger predictive power than other commonly used BP parameters. (Stroke. 2018;49:46-53.
B
rachial pulse pressure (PP) is a known indicator of arterial stiffness, 1, 2 and high PP increases the risk of cardiovascular diseases. [3] [4] [5] Several possible mechanisms are proposed for how high PP influences incidence of acute coronary events. These include potentiation of atherosclerosis and myocardial remodeling, and reduction of coronary perfusion. 6 High PP is known to increase the risk of stroke in general population, [7] [8] [9] but the effect of PP in stroke survivors has not been studied well. A few studies reported that high PP may increase the risk of stroke recurrence and mortality and worsen functional outcome. [10] [11] [12] [13] However, each of these studies had limitations of small sample size, 10 ,11 short follow-up duration (from 10 days 12 to 3 months 13 ), or no adjustments for other well-known blood pressure (BP) parameters when evaluating the effect of PP. [10] [11] [12] [13] Using a multicenter prospective stroke registry database, 14, 15 this study aimed to (1) elucidate the relationship between PP and major vascular events, a composite of stroke recurrence, myocardial infarction, and all-cause death in acute ischemic stroke patients and (2) compare the predictive value of PP on major vascular events to other commonly used BP parameters such as systolic BP (SBP), diastolic BP (DBP), and mean arterial pressure (MAP).
Methods

Study Subjects
The data that support the findings of this study are available from the corresponding author on reasonable request. Acute ischemic stroke patients, who were admitted to 14 South Korean university hospitals or regional stroke centers, participating in the fifth division of the Clinical Research Center for Stroke (CRCS-5) project, 14, 15 from January 2011 to November 2014, were consecutively enrolled according to the following criteria: (1) an acute ischemic stroke hospitalized in stroke unit, general ward, or intensive care unit within 48 hours of symptom onset, (2) relevant acute ischemic lesions on the diagnostic brain image, and (3) availability of collecting BP data from the electronic medical record system of each hospital. Patients whose duration of hospitalization was <24 hours, whose BP was measured <5×, or whose outcome was not available because of early discharge and loss to follow-up were excluded ( Figure I in the onlineonly Data Supplement).
Data Collection
Information on demographics, stroke characteristics including initial stroke severity according to the National Institutes of Health Stroke Scale (NIHSS) scores and stroke subtypes classified according to the TOAST (Trial of ORG 10172 in Acute Stroke Treatment) with some modifications following a magnetic resonance imaging-based algorithm, 16 risk factors (hypertension, diabetes mellitus, hyperlipidemia, smoking, and atrial fibrillation) and treatments (hyperacute reperfusion therapy, antithrombotics, antihypertensive agents, and statin usage at discharge), and symptomatic steno-occlusion (SYSO) which was defined as occlusion or stenosis of ≥50% of the lumen diameter of the intra or extracranial cerebral artery relevant to the ischemic lesion detected by computed tomography, magnetic resonance, or conventional angiography were collected prospectively during hospitalization.
BP data, which were acquired during hospitalization and recorded into the electronic medical record system through routine practice in each participating hospital, were collected. [17] [18] [19] It was recommended to measure casual supine BP using a standard mercury sphygmomanometer or a noninvasive BP monitoring device on the nonparalytic arm. Every BP measured in a regular basis after the institutional protocols for acute stroke management and collected into the electronic medical record system within 72 hours of onset was used for this analysis. PP was calculated by a simple subtraction of SBP and DBP in each measurement and mean value of PPs was obtained in each individual.
The collection of clinical information for the CRCS-5 registry was approved by the local institutional review boards in all participating centers with a waiver of patient consent because of anonymity and minimal risk to participants. We obtained further approval for the use of the registry database for this study.
Outcomes
For the purpose of monitoring the quality of stroke care and outcomes, occurrences of vascular events, including death, were prospectively captured at discharge, 3 months and 1 year after stroke 
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through review of medical records or direct or telephone interviews by dedicated stroke coordinators at each center. The definition of each outcome parameter was predetermined and stroke coordinators at each center were educated before collecting outcomes. The deviations of the collected data were regularly monitored by the central data manager biweekly and notified to each center. Also, the integrity and completeness of the database were checked through monthly meetings of the registry steering committee. A primary outcome measure was a composite of stroke recurrence, myocardial infarction, or all-cause death, and a secondary outcome measure was stroke recurrence. Details of definitions of individual outcome parameters, organization, and data management of the CRCS-5 registry are described elsewhere.
14,15
Statistical Analysis
Descriptive analyses were summarized as mean±SD or medians (interquartile range) for continuous variables or numbers of patients with percentages for categorical variables. Correlations between PP and other BP parameters were examined using Pearson correlation analysis. Cumulative incidence of outcome events at 3 months and 1 year were estimated using the Kaplan-Meier product limit methods and compared according to baseline characteristics using the log-rank test.
Cox proportional hazards models were used to estimate adjusted hazards ratios (HRs) of PP for the risk of primary and secondary outcomes. PP was regarded as a continuous variable in the models, but its HRs were estimated with 5 mm Hg intervals to delineate the relationships between PP and outcomes. We assumed nonlinear effects of PP, so that both linear and quadratic terms of PP were included in the model. In both models, the nonlinear effects were statistically significant (P<0.05). Adjustments were made for predetermined covariates; age, sex, body mass index, hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, stroke or transient ischemic attack, smoking, reperfusion therapy, statin use at discharge, initial NIHSS, and TOAST classification.
To compare the predictive power of PP to other BP parameters, similar models were constructed for PP and other BP parameters, including both linear and quadratic terms in the model if significant. To evaluate the predictive power of individual BP parameters, a −2 log-likelihood (LL) difference was used, which assessed an increment of variance when each BP parameter (a linear term only) or pair of parameters (both linear and quadratic terms) were added to the core hazards models. Therefore, a relative strength of PP compared with other BP parameters could be compared using the −2 LL values. For example, to compare the predictive power of PP to SBP, 3 models were constructed (1) model 1 included linear and quadratic terms of PP, a linear term of SBP, whereas other predetermined covariates were adjusted; (2) model 2 was constructed by excluding PP from model 1, and (3) model 3 was constructed by excluding SBP from model 1. After that, a −2 LL difference for SBP was then estimated by subtracting the −2 LL value of model 2 from that of model 1.
Similarly, a −2 LL difference for PP was obtained by subtracting the −2 LL value of model 3 from that of model 1. Finally, a comparison of the predictive power between PP and SBP was made using these −2 LL differences, indicating the larger difference the better predictive power.
Additional post hoc analyses were performed to examine a robustness of the study results by applying a frailty model to reflect interhospital heterogeneity and by replacing stroke subtypes with SYSO.
All analyses were performed using the R project (http://www.rproject.org), SAS software version 9.4 (SAS institute, Cary, NC), and SPSS for Windows version 20.0 (IBM Corporation, Armonk, NY), and a 2-sided P<0.05 was considered as statistically significant.
Results
Nine thousand eight hundred and forty patients were eligible for study inclusion ( Figure I in the online-only Data Supplement). Demographics and clinical characteristics of the study subjects are shown in Table 1 . The majority of the subjects were predominantly elderly (mean age, 68.0 years) and were men (58.5%). About 70% of the subjects were diagnosed at discharge as having hypertension. Fifty-four percent were on antihypertensive medication before the index stroke. The median NIHSS score was 4, and 21.8% received hyperacute reperfusion therapy.
Mean values of the BP parameters were 59. Median follow-up duration was 361 (interquartile range, 107-386) days, and 418 patients (4.25%) experienced stroke recurrence, 19 (0.19%) myocardial infarction, and 714 (7.26%) death during the first year after the index stroke. One-year cumulative incidence of the primary and secondary outcome events was 10.89% and 4.25%, respectively. Comparisons of cumulative incidence according to baseline characteristics were presented in Table I in the online-only Data Supplement.
The crude HRs of PP for the primary outcome were the lowest at a 40 mm Hg point with increasing both above and below the nadir of 40 mm Hg, demonstrating a J-shape curve (Table 2; Figure 2 ). After adjusting for predetermined covariates, an overall effect of PP was found to significantly associated with the risk of the primary outcome (P<0.001). Adjusted HRs of PP were the lowest at 55 mm Hg and 60 mm Hg points, whereas increasing as PP was lower or higher than these points. Among other covariates, age, diabetes mellitus, previous stroke or transient ischemic attack, and initial NIHSS increased the risk of the primary outcome independently, whereas hyperlipidemia and body mass index decreased its risk (Table 2) .
Along with PP, the relationships between other BP parameters including SBP, DBP, and MAP and adjusted risk of primary outcome also followed nonlinear, J-shape curves ( Figure 2 ). All of P values for the quadratic terms of BP parameters were statistically significant (P=0.004 for PP, P=0.03 for SBP, P=0.01 for DBP, and P=0.048 for MAP). Overall effects of SBP, DBP, and MAP on the primary outcome were also statistically significant (P<0.01). Table 3 summarizes the −2 LL values. In comparisons of PP and other BP parameters, the predictive power of PP was stronger than the other BP parameters with respect to the primary outcome because the −2 LL differences of PP were higher than those of other BP parameters.
For the secondary outcome, crude HRs of PP were the lowest at 45 and 50 mm Hg points, whereas adjusted HRs were the lowest at 55 and 60 mm Hg points (Table II and Figure III in the online-only Data Supplement). Cox proportional hazards analysis showed a significant overall effect of PP on the secondary outcome (P=0.001; Table II in the online-only Data Supplement).
PP and SBP had nonlinear relationships with adjusted risks of the secondary outcome, whereas DBP and MAP had linear relationships ( Figure III in the online-only Data Supplement). P values of the quadratic terms were statistically significant for PP and SBP (P=0.01 and 0.048, respectively) but not for DBP and MAP (P=0.14 and 0.16, respectively). These 4 BP parameters were significantly associated with an increased risk of stroke recurrence; P values of overall effect for each of BP parameters were 0.001 for PP, 0.0006 for SBP, 0.02 for DBP, and 0.004 for MAP. Moreover, predictive power of PP was also stronger than that of SBP, DBP, and MAP (Table 3) .
The post hoc analysis using a frailty model, which considers an interhospital heterogeneity, also showed nonlinear relationships between PP and adjusted risk of the primary and secondary outcomes (Tables III and IV in 
Discussion
In this study, PP had a nonlinear, J-shaped relationship with the future risk of major vascular events in patients with acute ischemic stroke. We also found that PP was a stronger predictor of the primary outcome than other BP parameters including SBP, DBP, and MAP. Similar results were shown for the analysis of stroke recurrence.
Controversy exists about the predictive power of PP in the presence of other commonly used BP parameters such as SBP, DBP, and MAP in relation to the occurrence of future vascular events in the general population and patients with acute coronary syndrome or stroke. [3] [4] [5] [7] [8] [9] 20, 21 An analysis of a communitydwelling population from the Framingham Heart Study showed that PP was an independent predictor of incident coronary heart disease. 3 In that study, PP was an independent predictor after adjusting for SBP and DBP, but PP was inferior to SBP and DBP in its predictive power. Recently, a large population study (REGARDS [Reasons for Geographic and Racial Differences in Stroke]) reported that PP was associated with the future risk of acute coronary events independent of SBP, although other BP parameters were not considered. 20 For incident ischemic stroke, another analysis based on the REGARDS population showed that PP was an independent predictor of incident stroke after adjusting for DBP or MAP, but not after adjusting for SBP. 9 A meta-analysis of 16 cohort studies in Japan reported a meaningful association of PP with ischemic stroke in men but not in women after adjustments for MAP and a weaker predictive power of PP compared with MAP. 7 However, SBP and DBP were not compared with PP in this study.
An analysis of the INVEST (International Verapamil SR-Trandolapril Study) showed that PP was a predictor of subsequent major vascular events in the patients who experienced primary coronary heart disease, when considering either SBP, DBP, or MAP in multivariable models. 21 For stroke populations, previous studies showed that PP was a predictor of 1-year recurrence, 10 1-year mortality, 11 or early clinical deterioration or 10-day recurrence, 12 but these studies had relatively small sample size and did not consider other commonly used BP parameters in the multivariable analysis. [10] [11] [12] Recently a prospective cohort study of 672 patients with spontaneous intracerebral hemorrhage reported PP as an independent predictor for inhospital mortality. 22 However, about ischemic stroke population, the predictive role of PP for future events is still questionable.
One of the reasons why previous studies did not consider PP and other commonly used BP parameters simultaneously nor compare the predictive power of PP with that of other BP parameters relates to possible concerns of multicollinearity as PP and other BP parameters may be highly correlated, as seen in our study (Figure 1) . Furthermore, it may be invalid to compare risks of 2 different continuous measures directly when the amount of change in one measure is not comparable to the amount of change in the other. 23, 24 However, one may avoid this limitation by comparing the relative importance of 2 such predictors (eg, PP and SBP) by applying the -2 LL comparison statistic, which assesses increased variance when each measure is added to the same multivariate model. 21, 24 In contrast to the results of the INVEST study whereby PP had an inferior predictive power compared with SBP, DBP, or MAP for coronary heart disease, 21 our results showed that PP was the most powerful predictor among all the BP parameters. Moreover, the relationships between PP and the primary and secondary outcomes were independent of other known predictors of future vascular events (Table 2 ). These findings suggest that PP may be a more specific predictor of increased risk of subsequent major vascular events. The mechanism by which this phenomenon occurs remains to be further investigated. According to previous studies on BP change during the acute period of stroke, there is more marked elevation of SBP than DBP during the first few days after stroke. [25] [26] [27] Acute stress reaction to stroke events, increased sympathetic tone, and compensatory reactions to cerebral ischemia might explain these findings. 28 , 29 Since we collected BP data during the first 3 days after stroke onset, an increase of PP could have occurred if there was more marked elevation of SBP than DBP during this time period. However, we have no data on how this increase during the relatively short-term period after stroke contributes to an increased risk of future vascular events.
Multivariable analyses showed that stroke subtypes influenced the risk of outcome events significantly ( Table 2;  Table II in the online-only Data Supplement). About the primary outcome, increased risk in cardioembolism and decreased risk in small vessel occlusion were similar to previous studies. [30] [31] [32] Poorest outcome in the subtype of other determined etiologies has been reported before, 32 but its relatively small sample size in this study (n=242) limits the generalization of the results (Table 1 ; Table I in the online-only Data Supplement). It should be noted that the relationships between PP and primary and secondary outcomes were independent of stroke subtypes and SYSO. Additional analyses introducing SYSO instead of stroke subtypes showed the similar results (Tables V through VII in the online-only Data Supplement).
Unlike low-density lipoprotein cholesterol levels where the lower the better seems to be the rule, 33 past evidence supports a nonlinear J-shaped curve relationship between BP and adverse vascular events in the general hypertensive population, as well as in high-risk populations, including subjects with coronary artery disease, diabetes mellitus, and the elderly. 21, 34 However, we have limited data on stroke subjects. Our study suggests that there is a nonlinear J-shaped relationship between BP measures and major vascular events in a stroke population (Figure 3) . A post hoc analysis of the PROFESS trial (Prevention Regimen for Effectively Avoiding Second Strokes), a large secondary prevention trial in patients with recent noncardioembolic stroke, reported similar results. 35 More recently, a study from the Taiwan stroke registry showed a U-shape association of PP at admission with 3-month functional outcome, which would be another result showing the nonlinear relationship between BP and stroke outcomes. 36 There are several limitations of this study. First, all the study subjects are Koreans admitted to university hospitals or regional stroke centers, which may limit generalization of the study results to other populations. Second, this study is a retrospective analysis of a prospective stroke registry database and thus, one should be cautious about interpretation of the findings in relation to causation. Third, we analyzed BP data collected during the first 3 days of acute ischemic stroke, and therefore, the results are limited to a confined period of time during which BP was measured. Fourth, BP data were obtained during the course of routine stroke care, therefore, BP measurement procedures were not standardized. Fifth, we did not collect the results of transthoracic echocardiography and could not consider hemodynamic impacts of abnormal cardiac function. Despite these limitations, our study provides a large prospective database of acute ischemic stroke patients and a novel approach to data analysis for study of BP measures and management of multicollinearity challenges.
Moreover, our results might add something to our knowledge about prognosis and management of stroke. First, we show that PP has its own information value as a predictor for *A larger difference of −2 log-likelihood in model with 1 BP parameter (eg, SBP) compared with that of containing 2 BP parameters (eg, PP and SBP) indicates a greater predictive power in the later model. †P value by χ 2 test. ‡Variables adjusted were age, sex, body mass index, history of hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, smoking, previous history of stroke or transient ischemia attack, reperfusion therapy, discharge use of statin, initial NIHSS, and TOAST classification.
§,‖, ¶When SBP, § DBP,‖ or MAP ¶ was included along with PP, its quadratic term was not significant, respectively. future events; thus, PP may have its role as a prognostic biomarker for stroke outcome besides traditional BP parameters. Second, PP could be a potential target for intervention. For example, the destiffening strategy of selective SBP reduction using renin-angiotensin-aldosterone system inhibitor has been suggested. 6 
Conclusions
This study shows that in a large acute ischemic stroke patient cohort from a multicenter prospective stroke registry, PP obtained in the acute period of stroke has a nonlinear, J-shaped relationship with major vascular events, or stroke recurrence. Furthermore, the predictive power of PP is stronger than that of other commonly used BP parameters. Future study is warranted to confirm the finding of our study and to extend it to the subacute or chronic period of stroke.
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